Imaging protein crystals and distinguishing them from salt crystals is an important task for protein crystallographers. The conventional tool used for this purpose is a dual-mode microscope composed of bright-field and ultraviolet (UV) induced fluorescence modes. The distinction between a protein and a salt crystal is made based upon the fluorescence response to the UV excitation, where most protein crystals absorb the UV excitation and emit fluorescence, unlike salt crystals. These dual-mode optical microscopes are sensitive; however, they are relatively bulky and expensive as they require UV-grade optics. As an alternative, here we demonstrate that on-chip UV holographic imaging offers a low-cost, portable, and robust technique to image and distinguish protein crystals from salt crystals, without the need for any expensive and bulky optical components. Only composed of a UV light-emitting-diode at 280 nm and a consumer-grade complementary metal-oxide-semiconductor image sensor decapped and interfaced to a Raspberry Pi single-board computer, the necessary information from the crystal samples (placed very close to the sensor active area) is captured in the form of in-line holograms and extracted through digital back-propagation. In these holographic amplitude reconstructions, protein crystals appear significantly darker compared to the background due to the APL
I. INTRODUCTION
Protein crystallographers rely on a dual-mode optical microscope composed of bright-field and ultraviolet (UV) induced fluorescence modes to image protein crystals as well as to distinguish them from salt crystals that could form during the crystallization process. This distinction is mainly based on the response to the UV illumination, where most protein crystals absorb the UV light and emit fluorescence through tryptophan residues, unlike most salt crystals. 1, 2 In addition to UV fluorescence, 3, 4 the strong absorption of UV light within organic materials 5, 6 has been utilized as an inherent contrast agent in imaging tissue samples, 7 cells, 8 intracellular nucleic acids and proteins, 9-12 viruses, 13 and protein aggregates, 14 making UV microscopy 15 an important tool for researchers. However, conventional lens-based UV microscopy is a relatively expensive imaging modality, requiring the use of relatively bulky optical components that are specially designed for UV wavelengths, in addition to UV light sources and UVsensitive cameras for bright-field imaging, 2 adding up to significant costs (e.g., $35k-200k). 16 Furthermore, inherent limitations of lens-based microscopy also apply to conventional UV microscopes, where the trade-off between the field-ofview (FOV) and resolution limits the total sample area that can be imaged.
As an alternative, on-chip holographic imaging 17-20 offers a cost-effective option [21] [22] [23] [24] for such microscopy tasks without the need for imaging lenses or other bulky optical components, only using consumer-grade image sensor chips 25 and simple light sources like light-emitting diodes (LEDs) opening up new frontiers for portability. [26] [27] [28] [29] The ever decreasing peak emission wavelengths and increasing efficiencies of LED technologies made the deep UV LEDs (240 nm-360 nm) [30] [31] [32] [33] more available and affordable. This, when integrated with the capabilities of portable and cost-effective on-chip holographic microscopy tools, enables a wide range of studies related to proteins, particularly in the field of crystallography.
Here we present a portable on-chip holographic imaging platform ( Fig. 1 ) that is composed of a UV-LED operating at 280 nm peak wavelength and a de-capped complementary metal-oxide-semiconductor (CMOS) image sensor connected to a Raspberry Pi single-board computer. 34, 35 The sample is placed very close (∼300-400 µm) to the image sensor and the light source further above, where the interference between the light scattered from the target crystals and the background illumination creates in-line holograms that are digitized/recorded by using the image sensor. The captured frames are then digitally processed to extract the information about the target objects that is encoded in the holograms, resulting in UV transmission images over a large FOV that is only limited by the sensor active area (>10 mm 2 ).
The utility of this platform in crystallography was demonstrated by imaging different protein crystals including proteinase K (Figs. 2 and 3 ), the RING1B complex (Fig. 4) , maltose
FIG. 1. (a)
Our portable holographic on-chip imaging platform operates at 280 nm illumination wavelength. The UV LED is spectrally filtered using a bandpass filter to block the side-bands, letting through pure UV light with 280 nm peak wavelength and a 10 nm bandwidth toward the sample, which is placed very close to the image sensor (∼300-400 µm), utilizing the full active area as the imaging FOV (>10 mm 2 binding protein (Fig. 4) , and salt crystal samples which include sodium chloride (Fig. 2 ), ammonium sulfate ( Fig. 2 ), lithium acetate ( Fig. 3) , and lithium sulfate (Fig. 3) . Our mobile holographic platform can clearly differentiate between protein crystals and salt crystals due to the strong contrast in the protein crystal images which appear significantly darker compared to the background. Without the need for fine alignment and temperature stability, unlike its lens-based counterparts, this platform would be a low-cost, robust, and portable alternative to conventional UV microscopes used by protein crystallographers.
II. RESULTS AND DISCUSSION
Our portable on-chip imaging platform ( Fig. 1) is built upon the versatile Raspberry Pi 3 board, 35 with its readily available 8 Megapixel CMOS camera, all housed within a custom designed and 3D printed shell which also holds a UV LED operating at 280 nm peak wavelength with a band-pass filter to block the side-band emissions. 31, 32, 36 The CMOS camera is de-capped, removing the lens module, and the sample is placed very close (∼300-400 µm) to the active area of the image sensor chip that is fully utilized as the imaging FOV [>10 mm 2 , Fig. 3(a) ]. The filtered UV light is scattered through the sample, generating in-line holograms through its interference with the background light that is captured by using the image sensor. These holographic images are then digitally processed to extract the amplitude information encoded in the interference patterns from the target objects.
We tested our portable on-chip imaging platform to verify the effect of strong UV absorption in our amplitude reconstructions, imaging protein crystals (Fig. 2 ). Samples were prepared by constructing imaging chambers using UV fused silica glass slides and pieces of ACLAR protein crystallization covers, a standard material used by protein crystallographers which is also UV transparent. It is important to note that additional consideration has to be given in the transparency of materials for coherent imaging modalities like holography, as the irregularities in the material volume could result in strong background distortions. The standard UV transparent ACLAR used by protein crystallographers is suitable for holographic imaging, only creating a faint modulation in the background [ Fig. 2(b) ] which does not affect our imaging quality.
Our imaging platform ( Fig. 1 ) was first tested by preparing a sample with proteinase K, a serine protease readily available for crystallization, which contains aromatic amino acids that fluoresce when excited at 280 nm light, and two salt crystal samples (sodium chloride and ammonium sulfate) [Figs. 2(a) and 2(b)], where the respective X-ray diffraction data are shown in Fig. 2(c) . Individual crystals were pipetted along with ∼1 µl of solution onto the ACLAR piece (sticky side facing up), and a UV fused silica was used to seal the droplet into the chamber. The amplitude reconstructions of our holograms clearly show that the protein crystals appear much darker compared to the background, unlike the salt crystals [ Fig. 2(b) ]. The amplitude reconstruction results shown in Fig. 2 (b) could be further improved using various phaseretrieval techniques 17 to mitigate twin-image artifacts, at the cost of additional computation and/or holographic measurements.
To further evaluate our portable on-chip holographic imaging platform, we imaged mixed-samples containing both protein (proteinase K) and salt crystals (lithium acetate and lithium sulfate) within the same FOV [ Figs. 3(a), 3(b), and 3(d) ], prepared by sandwiching droplets of ∼1 µl buffer solution containing the crystals between a UV fused silica slide and a piece of ACLAR sheet. The crystals were grown in their respective buffer solutions and then individually fished by a microloop and deposited in the droplet before sealing. The samples were first imaged with the lens-based microscope, which is able to distinguish between the protein and the salt crystal through the fluorescence of the protein crystal [ Fig. 3(b) ], where the protein crystal is observed to be emitting fluorescence, while the salt crystal remains dark. The samples were then imaged with our on-chip microscopy platform [ Figs. 3(a) and 3(d) ], where the proteinase K crystals showed a significantly stronger contrast (p < 0.02) compared to the salt crystals [ Fig. 3(c) ]. We calculated the contrast (C) in our UV holographic amplitude reconstructions by subtracting the average amplitude signal of the target crystals (S c ) from the average background signal value (S b ) and dividing this difference by the average background signal value, 14,37 i.e.,
where S c is calculated within the largest rectangular region that fits inside the target crystal and S b is calculated within a clear region of the FOV that does not contain any objects. To further test the imaging capabilities of our portable on-chip holographic imaging platform for protein crystallography, additional experiments were performed using (1) the RING1B complex, which is associated with the nuclear membrane and participates in histone ubiquitination in humans, 38 and (2) the maltose binding protein, which breaks down maltodextrins in Escherichia coli and also forms UV active crystals 39 (Fig. 4) . All the samples under test were imaged by using the lens-based UV microscope first and then by using our onchip UV microscope [ Fig. 4(a) ]. The capabilities of our portable UV imaging platform in distinguishing between protein and salt crystals were further verified with these different types APL Photon. Fig. 4(b) ]. In summary, recent improvements in UV LED technologies have made deep UV LEDs with short peak emission wavelengths and improved efficiencies more accessible, enabling the design of a portable and low-cost on-chip UV imaging platform as a potential alternative to the expensive and bulky dual-mode UV microscopes used by protein crystallographers. We expect that our portable on-chip UV holographic imaging platform could be even further strengthened with near real-time imaging capabilities, driven by future improvements in deep UV LED power output efficiencies, enabling the use of lower sensor integration times and the increasing availability of embedded graphics processing units (GPUs) for single-board computers.
III. MATERIALS AND METHODS

A. UV on-chip imaging platform
Our portable on-chip microscopy platform (Fig. 1) is composed of a de-capped 8 Mega-pixel (3280 horizontal × 2464 vertical, with an active area of ∼10.14 mm 2 ), 1.12 µm pixel pitch, CMOS image sensor (IMX219, Sony Corporation, Tokyo, Japan) interfaced to a Raspberry Pi 3B single-board computer, a deep UV LED operating at 280 nm peak wavelength (TH-UV280J9-C-H-B, Tianhui Optoelectronics Co., Ltd, Guangdong Province, China), and a UV band-pass filter with a center wavelength of 280 nm and a bandwidth of 10 nm (FF01-280/10-25, Semrock, NY, USA) to block the side-band emissions 31,32,36 from the UV LED. All of these components are housed within a custom designed and 3D printed acrylonitrile butadiene styrene (ABS) (Stratasys, Dimension Elite) shell. A custom Python script was used to capture, extract, and save the raw frames/holograms from the sensor to the onboard storage of the Raspberry Pi 3B.
B. Data processing
Since the green pixels of the image sensor were most responsive to the UV illumination, 14 the values in the red and blue pixels of the raw frames were replaced with the average of their neighboring green pixels. The frames containing holographic projections were then digitally backpropagated using the angular spectrum approach, 40 numerically solving the Rayleigh-Sommerfeld integral by multiplying the Fourier transform of the hologram with the transfer function of wave propagation, 17, 26 generating the amplitude images of the sample. The complete data processing takes ∼1 minute using a standard desktop computer (Dell Optiplex 9010, Intel i7, 32 GB RAM) operating MATLAB (MathWorks, MI, USA).
The statistical significance of the increased contrast in the amplitude reconstructions of protein crystals compared to salt crystals was verified using a t-test 41 with two separate experiments for proteinase K [ Fig. 3(d) ] and three separate experiments for the additional set of proteins which included the RING1B complex and the maltose binding protein [ Fig. 4(a) ].
C. Sample preparation
UV compatible materials which include UV fused silica slides (10 mm × 10 mm, 0.2 mm thick, MTI Corp., CA, USA) and pieces of standard protein crystallization covers made of ACLAR composed of poly-chloro-trifluoroethylene (Grace Bio-Labs ProCrystal Cover 875238, OR, USA) were used to construct the sample chambers holding the crystal samples. A 0.8-1 µl droplet containing the crystals and the corresponding buffer solution was deposited onto an ACLAR piece containing one well, sticky side facing up. A UV fused silica slide was then gently used to cover the well, sealing the droplet. It is noteworthy that the ACLAR standard protein crystallization cover material was suitable for coherent imaging and only resulted in a faint background modulation [ Fig. 2(b) ] which did not affect our imaging quality.
D. Protein and salt crystallization
A TTP LabTech mosquito (TTP Labtech, Inc., MA, USA) was used to generate 96-well hanging drop crystallization setups. All protein crystals were grown in a manner of days using vapor diffusion. Proteinase K (VWR catalog number 97062-238, PA, USA) was crystallized by dissolving lyophilized powder in water to obtain a 50 mg/ml stock. The stock solution was mixed 1:1 with 1.5 M ammonium sulfate and 0.1 M Tris-HCl pH 7.5. Maltose binding protein 80 mg/ml in 20 mM Tris-HCl pH 8.0 and 50 mM NaCl was crystallized by mixing 1:1 with 0.2M magnesium chloride hexahydrate, 0.1M 4-Morpholineethanesulfonic acid pH 6.0%, and 20% w/v Polyethylene glycol 6000. Oligomerization regions of RING1B, polycomb group RING finger protein 4, chromobox 8, and polyhomeotic homolog 1 were supplied by the Chemistry and Biochemistry Department at UCLA. This sample was mixed 1:1 with 0.7M sodium formate pH 7.0% and 20% w/v PEG 3350. All 300 nl drops were equilibrated over 100 µl of the corresponding crystallization solutions.
1.0M sodium chloride, 2.0M ammonium sulfate, 1.0M lithium acetate, and 1.0 lithium sulfate were dispensed in µl aliquots and allowed to evaporate in air while being observed in a stereomicroscope. Crystals that formed by dehydration in aqueous solution were manually harvested using 50 µm microloops (Mitegen M5-L18SP-50LD, NY, USA) and placed in 1 µl of the stock salt solution. These solutions, containing crystals, were placed on the ACLAR surface by using a pipette for imaging.
E. Lens-based UV microscopy
A dual-mode UV microscope (Korima PRS-1000, CA, USA) was used for comparison with the holographic imaging platform. Samples were imaged with the UV microscope first and then holographically imaged with our mobile instrument. Crystals were exposed to 280 nm light for no more than 5 s, and the images taken were compared with the corresponding holographic images [ Fig. 4(a) ].
F. X-ray diffraction
To further distinguish protein crystals from salt, diffraction images were taken. Individual crystals from the target APL Photon. 4, 030804 (2019); doi: 10.1063/1.5080158
4, 030804-6 ARTICLE scitation.org/journal/app sample were harvested and placed in their mother liquor with 33% glycol added to resist the formation of crystalline water. A rotating anode generator (Rigaku FRE+, Tokyo, Japan) and an imaging plate detector (Rigaku HTC, Tokyo, Japan) were employed for X-ray data collection. Macromolecule crystals are distinguishable from salt crystals by lower resolution reflections that occur as the result of larger spacing between symmetric elements of the crystal [ Fig. 2(c) ].
IV. CONCLUSIONS
We designed and built a low-cost and portable on-chip holographic imaging platform operating at the deep UV wavelength of 280 nm for high-contrast imaging of protein crystals. Without the need for sensitive, bulky, and costly components, our platform offers a low-cost, high-throughput, and robust alternative to the dual-mode optical microscopes composed of bright-field and ultraviolet (UV) induced fluorescence modes that are routinely used by protein crystallographers to image protein crystals and to distinguish them from salt crystals. We tested the on-chip holographic imaging platform by imaging different protein crystals including proteinase K, maltose binding protein, and the RING1B complex in comparison with several different salt crystals which include sodium chloride, ammonium sulfate, lithium acetate, and lithium sulfate. While the amplitude reconstructions of the protein crystals appear much darker compared to the background, the salt crystals do not show any contrast, clearly distinguishing between the two types of crystals. We believe that our portable on-chip holographic platform could aid protein crystallographers as a low-cost and robust alternative platform to image protein crystals and to distinguish them from salt crystals.
